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FREE  FLIGHP  RANGE  TESTS  OF  A 
lO-CAUBER  COHE  CYLINDER 

ABSmCT 

The.eerodyneoic  properties  of  a  ten-caliber  cone  cylinder  are 
presented  and  analysed.  The  Magnus  data  are  definitely  non-linear. 

It  is  shown  that  at  subsonic  Mach  nusiber  the  non-linear  Magnus  moment 
should  cause  a  litait  motion.  Finally  the  data  are  combined  with 
results  of  a  finned  modex  program  to  yield  the  properties  of  the  fins. 
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Axial  Konent  of  1*.l ‘tla  (ga  -  i:i^) 

Transverse  aonent  of  inertia  {gn  -  in^) 

Center  of  inass  (inches  from  base) 

Center  of  pressvure  of  the  nomal  force  (calibers  from 
base) 

Dlaoster  (In) 

Size  of  yaw  arms  at  mid  range  (rad) 

Drag  Coefficient 

Yaw  drag  coefficient  (rad*^) 

Magnus  force  coefficient 

Damping  force  coefficient 

Damping  moment  coefficient 

Normal  force  coefficient 

Overturning  moment  coefficient 

Magnus  moment  coefficient 

Mass  (cm) 

Mach  number 

Twist  of  rifling  in  callhers 
Number  of  yaw  observations 
Nusiber  of  time  of  observations 
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Gyroscopic  stability  factor 
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V 
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pd^BC  « 

a 

Size  of  swerve  arm  (in) 

Mean  squared  yaw  (deg^)  p  p 

Effective  squired  yaw,  +  f  .  0  ^  ) 

Error  In  swerve  fit  (in) 

Error  in  yaw  fit  (rad) 

Txurnlng  rates  of  yaw  arrxs  (deg/ft) 

Yaw  damping  rates  (ft"^) 

Relative  air  density 
Reference  area 
Reference  length 

Indicates  derivatives  with  respect  to  tine. 

Indicates  quantities  In  non-rotating  coordinate  system 

Aerodynamic  moments  about  nlssile-fixed  xyz  axes,  respectively 

Components  of  aerodynamic  force  along  the  mlcslle-flxed 
X,  y,  z  axes. 

Components  of  the  angular  velocity  of  the  missile  in 
space  along  the  x,  y,  z  axes. 

Magnitude  of  missile's  velocity 

Angle  of  attack  (rad) 

Angle  of  sideslip  (rad) 

Ccslne  of  angle  between  missile's  axis  euvl  trajectory 
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Defined  by  Eq.  (3) 
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EnBODUCTION 


Over  a  period  of  years  systemtlc  investigations  to  determine 
the  aerodiTismic  properties  of  a  simple  finned  projectile  have  been 
carried  out  in  the  free  flight  ranges  *  *  *  *  ^  .  The  model 

consisted  of  a  ten-caliber  long  cone-cylinder  body  and  four  wedge- 
section  fins  at  the  base  of  the  body.  The  rectangxdar  planforn  fins 
extended  one  caliber  out  from  the  sm'face  of  the  body  and  had  a  chord 
of  one  caliber. 

As  a  part  of  the  overall  program  it  was  decided  to  test  the  body 
alone  in  order  to  permit  evaluation  of  aerodynamic  effects  of  the  fin 
assembly'*^.  In  order  to  test  the  body  alone  It  was  necessary  to  spin- 
stabllize**  the  laodel.  A  ten-caliber  long  projectile  is  close  to  the 
limit  for  stabilization  by  spin  and  considerable  technical  difficulties 
were  encountered  as  a  result  of  the  high  spin  re(iulred.  Tests  at  Mach 
numbers  in  excess  of  1.5  vere  not  possible. 

The  behavior  of  the  body  as  a  spin-stabilized  projectile  produced 
some  interesting  results  in  its  own  right  and  these  are  discussed  in 
the  first  acctlon  of  the  results.  The  second  section  gives  the  net 
aerodynamic  properties  of  the  cruciform  tin  assembly  by  utilizing  the 
previously  determined  data  for  the  total  configuration  and  subtracting 
from  those  data  the  new  data  for  the  body  alone.  In  order  to  supply  a 
reference  frame  the  results  are  compared  with  linearized  theory  at  the 
higher  Mach  numbers.  A  determination  of  the  dreg  effects  based  on  esti¬ 
mates  of  the  body  drag  has  been  made  previously.  The  xise  of  the  current 
data  does  not  markedly  change  the  results  which  are  represented  here  for 
completeness. 


'  ■  e  - 

*  Currently  there  are  ample  wind  tunnel  data'^^  *  on  long  bodies  of  revo¬ 
lution  to  permit  the  determination  of  fin  effects  by  stripping  the  body 
effects  from  flwied  range  model  data.  This  program  was  fired  in  19p2 
when  there  were  little  tunnel  data.  The  data  on  Magnus  end  damping 
moments  seems  to  be  sufficiently  interesting  to  warrant  publication 
at  this  time. 


**  Spin  sometimes  produces  noticeable  changes  in  the  aerodynamic 

coefficients,  but  the  effects  ore  probably  negligible  for  the  present 
purpose®. 
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FIRING  EROGRAM 


Twelve  20-am  diameter  models,  six  eoch  of  two  center-of-nass 
positions  were  constructed  to  be  fired  at  Mach  I.7  froui  a  one-in- 
ten  twist  tube.  Initial  launchings  resulted  in  structural  failure. 
Hardness  checks  indicated  that  the  strength  of  the  aluminum  used 
in  the  models  was  much  below  the  design  limits  and  that  there  was 
little  chance  of  pursuing  the  original  program  with  the  remaining 
models.  As  a  result  the  program's  purpose  was  broadened  to  include 
subsonic  data  and  seven  successful  models  were  launched  at  M  ■  0.6. 
Subseonent  models  were  manufactured  of  more  ade(iuate  aluminum  and, 
although  there  was  still  difflcxilty  in  launching  at  M  ■  i.Y;  twelve 
models  were  fired  successfully  in  the  Aerodynamics  Range  between 
M  ■  1.1  and  1.^.  The  physical  properties  of  the  models  are  given  in 
Figure  1  end  a  photograph  of  the  models  in  Figures  2A  and  2B.  The 
aerodyneaic  data^^  obtained  from  the  range  firings  ore  given  in 
Table  I  and  the  reduction  and  motion  parameters  in  Table  II, 
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RESUIA'S 


Where  **  0  i  a  (aai^les  raeasured  in  non-splnnlng  coordinates). 

S  -  Jt/I* 

/  *t  4 

The  aerodynaolc  properties  are  clvcn  in  Fiewres  5  tlirough  IJ. 

KOTS:  Tile  above  definitions  of  the  scrodynaalc  coefficients  differ 
in  two  vays  fro'a  tlioce  defined  in  Reference  5:  (1)  The  ol^s  of  'o 

have  been  reversed  so  that  C^-  wlJl  have  its  usual  property  of  being 

positive;  (2)  the  (1/2)  factors  which  appeared  in  Reference  5  vlth  the 
coefficients  involving  angular  velocities  ha/e  been  oraitted.  A  con¬ 
version  table  is  given: 
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this  report 


Ref.  1,  5;  il 


-(1/2)  0„ 


\  *  \ 
^  a 


-(1/2)  (0„_^  *  C„_^) 


\  »6  \  “it 

In  general  the  Individual  accuracy  of  the  aerodynamic  properties 


of  a  given  rTO(iel  are  on  the  order  of: 


Probahle  Error 


“q  “a 

However  in  determining  properties  from  combinations  of  the  data  and  in 
correlating  linear  determined  coefficients  of  non-linear  properties  the 
scatter  can  exceed  the  individual  accuracy. 

Drag  Force  Coefficient 


equation  to  the  time-distance  data  for  each  round.  These  data  were 
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then  reduced  to  zero  yaw  by  the  relationship  ^  ^  * 

For  M  ■  0.8,  C«  ■  5*88  (radians)*^.  The  scarcity  of  data  at  any 

one  Mach  number,  In  the  supersonic  region,  prevented  an  accurate  de- 
tei; minatlon  of  At  supersonic  velocities,  ^  was  estimated 


to  be  11,2.  The  zero-yaw  drag  curve  io  given  in  Figure  J.  A  shadow¬ 
graph  of  the  spin  stabilized  model  at  M  ■  1.51  is  given  in  Figure  4a 
and  a  shadowgraph  of  the  finned  model  at  M  ■  1.55  is  given  in  Figure 
4b. 


Overtu’^ning  Moment  and  Normal  Force 

The  o/erturning  moment  coefficient,  C„  ,  is  obtained  from  the 

“a 

frequencies  of  the  fitted  eplcycllc  yawing  motion  of  the  model.  The 
values  given  in  the  table  and  Figure  5  are  computed  for  each  model's 
individual  center  of  mass  position. 

The  normal  force  coefficient,  Cj.  ,  is  given  in  Figure  6.  The 

plotted  points  were  obtained  from  the  swerving  motion  end  the  curve  is 
determined  from  the  pitching  and  yawing  motion  of  the  two  different  center 
of  mass  models.  The  center  cf  pressure  is  given  in  Figure  7> 


Spin  Deceleration,  Magxus  and  Damping  Properties 


The  spin  deceleration  moment  coefficient,  C,  ,  given  in  Figure  8 

was  determined  directly  from  the  roll  measurements  of  pins  in  th';  base 
of  the  models.  The  Magnus  force,  Cj,  ,  is  also  given  in  Figure  8.  The 
”pof 


points  verc  determined  from  the  swerving  motion  and  the  dashed  curve  from 
the  center  of  mass  method.  The  dwaping  force  coefficient,  * 

q  a 

(at  the  centroid)  is  -22  subsonically  and  -45  supersonically. 


The  non-linear  force  and  moment  theory  of  Reference  12  was  em¬ 
ployed  in  the  treatment  of  the  Magnus  and  damping  moment  data.  In  this 


15 


reference,  C.  11.  Kurpliy  ohovs  that  if  there  is  a  quadratic  dependence  of 
Cj,  on  yaw,  the  epicyclic  notion  is  affected  in  such  a  way  that  the 

PC£ 

usual  linear  forwulas  are  replaced  hy  the  following  combinations  of 
coefficients: 


Asouidlne  Cj^  *  *  '’pa  ^ 

2  1^.2 
vhcre  5“^  •  jxr 

then  (0  .  0  )■  range  i  .  C  -  I^/I^  (^1^) 

<1  "  <)  <3'  h  -  h 

tv  2  2, 

''‘10  ■  '‘SO  ' 

(0^)  range  i  b/ 


(1> 

(2) 


Rance  values  of  Cj^  and 


were  fitted  to  these  equations  and 


values  of  C„  +  Ci,  ,  a _ and  were  obtained.  The  value  of  b_  was 

n  M.  pu  pu  pCc 

^  a 

computed  from  equation  (2).  Subsonlcally,  b^^  was  determined  to  be  + 

250  {P1g>  9)<  The  data  from  the  supersonic  models  indicated  a  Mach 
number  dependence  of  a^^  and  the  following  expression  was  used  to  perform 

a  least  squares  fit  on  the  data. 

range  "  ^  b/  ^  =pj  «  (5) 

^pa  at  M  »■  1.5  and  was  0.16.  The  Magnus 

moment  coefficient  at  zero  yaw  is  plotted  in  Figure  10.  Values  of 
Cj,  are  given  for  the  individual  rounds  In  Table  II  and  Figure  8. 


The  linear  value  of  Cw  ,  namc^  o_,  Is  a  quite  large  negative 

Saber  at  subsonic  Mach  number.  According  to  the  usual  linear  stability 
theory  this  Magnus  moment  will  cause  an  undaaplng  of  pitching  and  yawing 
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motion.  In  order  to  evaluate  the  influence  of  the  nonlinearity  in  the 
Ma^us  moment  an  amplitude  plane^^  vae  constructed  for  Mach  number 
equal  to  0.8  (Figure  13).  According  to  the  analysis  the  motion  should 
approach  a  limit  epicyclic  notion  with  amplitude  about  5^.  This  type 
of  limit  motion  has  been  observed  in  other  spinning  shell. 

While  in  theory  Equation  (l)  can  be  treated  to  determine  b^  in 

a  maiuier  similar  to  that  employed  in  Equation  (2)  in  practice  it 
frequently  occurs  that  the  relative  size  of  the  terms  prevents  a  de¬ 
termination  of  bp^.  In  this  case  It  is  preferable  to  eliminate  b^^ 

between  Equations  (l)  and  (2)  and  solve  for  -f  C„  ,  This  was  done 

“q 

and  the  results  given  in  Figure  10.  The  data  indicate  a  strong  trend 
toward  positive  values  of  Cw  +  C„  in  the  transonic  region, 
q  d 

Properties  of  the  Cruciform  Tail  Assembly 

The  cruciform  tall  assei^ly  consisted  of  four  fins  with  wedge  air¬ 
foil  sections  of  8  percent  thickness.  The  fins  had  a  square  planform 
with  a  chord  equal  to  the  missile  body  diameter  and  the  base  of  the  fins 
were  flush  with  the  missile  base.  (See  Figure  2B) 

The  range  of  validity  of  any  computation  of  the  aerodynamic  effects 
of  the  tall  section  would  be  rather  short  since  the  test  data  extend  to 
only  M  «  1.5.  Since  no  specific  test  of  a  theory  was  envisioned  only 
reference  level  computations  were  made..  These  utilized  two-dimensional 
theory  and  tip  effects  but  Ignored  any  form  of  Interference,  since  any 
reasonable  allowance  for  these  effects  would  have  involved  extensive 
computations  which  seemed  unwarranted.^^ 

The  fin  effects  were  determined  by  subtracting  the  data  for  the  body- 
alone  tests  from  the  data  for  the  complete  ‘>nfiguratlon.  In  this  process 
the  mutual  interference  effects  between  the  fins  and  body  are  retained  and 
ascribed  to  the  fins.  These  data  furnish  the  net  performance  of  the  four 
fins  situated  at  the  base  of  the  body.  Applications  of  these  results  to 
even  similar  fins  at  a  different  body  location  or  on  a  fundamentally 


15 


different  body  should  only  be  made  with  caution.  The  fin  properties  are 
given  as  a  function  of  Mach  number  In  Figures  12  and  13.  A  reference 
area  of  and  a  reference  length,  d,  are  used  to  determine  the 

coefficients. 

DRAG 

The  drag  force  coefficient  Is  fairly  constant  at  velocities  greater 
than  M  ■  1,23  and  Increases  rapidly  as  the  Mach  number  decreases  toward 
sonic  speeds.  The  fin  .assembly  yields  about  of  the  total  drag  of 

the  missile  subsonically  and  about  309^  supersonically.  It  sliould  be 
5 

noted  that  previous  data  show  the  drag  contributions  to  be  very 
sensitive  to  fin  position  on  the  body. 

Roll  Damping 

The  roll  damping  parameters  of  the  body,  as  might  be  expected,  are  so 
much  less  than  those  of  the  fins  (about  3  percent)  that  to  within  the 
usual  needs  of  accuracy  they  can  be  Ignored.  The  use  of  any  convenient 
scales  leaves  the  data  of  Reference  2  visibly  unaltered. 

Normal  Force  and  Center  of  Pressure 

The  normal  force  coefficient  variation  supersonically  is  of  the  same 
shape  as  predicted  by  theoryj  however,  the  predicted  value  is  about  40 
percent  low.  The  observed  center  of  pressure  agrees  with  the  predicted 
values. 

Damping  Moment 

The  predicted  deuaping  moment  is  10  percent  less  than  the  observed 
values. 


EUGENE  D.  BOYJS  ^ 


16 


REFERENCES 


1.  l&cAiiiater,  L.  C.  The  Aerodynamic  Properties  of  a  Slnple  Kon- 
Roillnc  Filmed  Cone-Cylinder  Confls*^atlon  Between  Mach  Numbers 
1.0  and  2.5;  BRt  Report  95^,  May  1955. 

2.  Bolz,  R.  P.,  Nicolaldcs;  J.  D.  A  Method  of  Determining  Some 
Aerodynamic  Coefficients  from  Supersonic  Free  Flight  Tests  of  a 
Rolling  Missile,  Journal  of  the  Aeronautical  Sciences,  Vol.  17, 
p.  ^9,  October  1950. 

3.  MacAlllstcr,  h.  C.,  RoscHe,  E.  J.  The  Drag  Properties  of  Several 
Winged  and  Finned  Cone-Cyitnder  Models,  BRIM  C49,  October  195^. 

h.  Klcolaldcs,  J.  D.,  B0I2,  R,  A.  Or  The  Pure  Rolling  Motion  of  Winged 
and/or  Finned  Missiles  in  Varying  Supersonic  Flight,  Journal  of 
the  Aeronautical  Sciences,  Vol.  20,  p.  I60,  March  1952,  also 
published  as  BRL  Report  799»  March  1952. 

5»  Nlcolaldes,  J.  D.,  MocAllister,  L  C.  A  Review  of  Aeroballistlc 
Range  Research  on  Winged  and/or  Finned  Missiles,  Bureau  of 
Ordnance  TN  5>  i955* 

6.  Buford,  W,  E.,  Shatu»ioff,  S.  The  Effects  of  Fineness  Ratio  and 
Mach  Number  on  the  Normal  Force  and  Center  of  Pressure  of  Conical 
and  Ogival  Head  Bodies,  BRI24  7^  (C);  February  195’+* 

7.  Jaeger,  B.  F,  A  Review  of  Experiment  and  Theory  AppllcablJ  to  Cone- 
Cylinder  and  Ogive-Cylinder  Bodies  of  Revolution  in  Supersonic  Plow, 

KAVORD-5239,  -June  1956. 

8.  Muridiy,  C.  H. ,  Schmidt,  L.  E.  Effect  of  Spin  on  Aerodynamic  Proper¬ 
ties  of  Bodies  of  Revolution,  BRIM  7i5»  August  1955* 

9.  Braun,  W,  F,  The  Free  Flight  Aerodynamics  Range,  BRL  Report  10^8, 
July  1958. 

10.  Murphy,  C.  H.  Data  Reduction  for  the  Free  Flight  Spark  Ranges, 

BRL  Report  900,  February  1954. 

11.  Murphy,  C.  K. ,  Schmidt,  L  E.  The  Effect  of  Length  on  the  Aerodynamic 
Characteristics  of  Bodies  of  Revolution  in  Supersonic  Flight,  BRL 
Report  876,  Avigust  1955. 

12.  Murphy,  C.  H.  The  Measurement  of  Non-Linear  Forces  and  Moments  by 
Means  of  Free  Plight  Tests,  BRL  Report  974,  February  195^. 


17 


13.  Murphy,  C.  H.  Prediction  of  the  Pbtion  of  Missiles  Acted  on  by 
Non-Linear  Forces  and  Moments,  BRL  Report  995;  October  1956. 

14.  Roecker,  B.  T.  The  Aerodynainlc  Rroperties  of  the  lOJaoa  KB  Shell, 
Ml,  In  Subsonic  aivi  Transonic  Fllj^ht,  BRZM  929;  September  1955. 

19.  Bonncy,  E.  A.  Aerodynaiolc  Characteristics  of  Rectangular  Wings 
at  Supersonic  Speeds,  Journal  of  the  Aeronautical  Sciences, 
February  19^7. 


TABffi  I 


Aorodyneunlc  Coefficients 


Center  of  Maes  at  3.252  Calibers  from  Base 


RD 

M 

y  (deg) 

K  \ 

'V 

3921 

.811 

it.l* 

.323 

9.12 

+2.72 

-19.6 

-  .46 

-.0316 

-1.1 

3920 

.818 

£.1 

.297 

9.37 

+2.44 

-17.9 

-1.22 

-.0318 

-  .7 

3919 

.822 

.7 

.291 

9.40 

- 

- 

. 

-.0323 

. 

3918 

.868 

£.8 

.332 

9.28 

+2.65 

-13.8 

-l.£0 

-.0321 

-  .7 

1*623 

1.151 

£.1 

.499 

9.99 

+2.72 

- 

. 

. 

. 

!i621 

1.185 

2.9 

.513 

10.27 

+2.80 

-3£.0 

-  .51 

-.0278 

-  .9 

1*636 

1.331 

a.i 

- 

10.64 

+2.98 

. 

-  +36 

. 

1*631* 

1.409 

1.6  .447  11.00  +2.75  .27.8  -  .05 

Center  of  Maea  at  3«752  Calibers  from  Base 

-.0257 

“ 

3923 

.808 

3.2 

.308 

7.72 

+2.62 

-32.2 

-  .21 

. 

-1.0 

3924 

.812 

1.8 

.292 

8.11 

+2.47 

-36.4 

-  .82 

. 

3922 

.837 

2.9 

.314 

7.89 

+2.55 
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PHYSICAL  PROPERTIES 
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Fig.  2A  -  10-Caliber  Cone-Cylinder 
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